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GENERAL INTRODUCTION 
Economically important temperate horticulture crops often are subject 
to root-zone temperatures (RZT) that exceed 30C. For example, the RZT of 
urban street trees can exceed 30C (Graves and Dana, 1987b), and RZT that 
exceed 40C have been reported in the root medium of plants grown in black 
plastic containers (Ingram, 1981). Root-zone temperatures > 35C also have 
been reported for tomato and muskmelon plants grown under plastic mulches 
(Cooper, 1973; Nielsen, 1974; Schales and Sheldrake, 1961; Taber, 1993; 
Tindall et al., 1991). 
Root-zone temperatures between 20 and 30C are considered optimal for 
most temperate crops, whereas RZT between 10 and 15C are considered 
suboptimal and RZT > 30C are considered supraoptimal (Cooper, 1973). 
Supraoptimal RZT influences plant growth and development as well as mineral 
nutrient acquisition and translocation by affecting root morphology, 
anatomy, and physiology (Cooper, 1973; Hagan, 1952; Miller, 1986; Nielsen, 
1974). Most physiological plant functions are controlled to some extent by 
temperature-dependent mechanisms, and temperate horticultural crops vary in 
their tolerance to supraoptimal RZT. Knowledge of RZT effects on plant 
growth and nutrient acquisition is important for selection of tolerant 
genotypes and for efficient management practices. 
The overall objective of this study was to investigate differences in 
growth and nutrient acquisition of tomato {Lycopersicon esculentum Mill.), 
muskmelon (Cucumis melo L.), and thornless honey locust (Gledltsla 
trlacanthos var. inermis Willd.) directly attributable to supraoptimal RZT. 
The first objective was to compare the growth and phosphorus (P), zinc 
(Zn), and manganese (Mn) content of seedlings of tomato, muskmelon, and 
honey locust exposed to RZT of 24 to 36C. The second objective was to 
investigate the changes in root respiration, root surface phosphatase 
activity, and P acquisition over time in tomato plants grown at 25 and 36C 
RZT. 
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Dissertation Organization 
This dissertation consists of two manuscripts suitable for 
publication in the Journal of Plant Nutrition and the Journal of the 
American Society of Horticultural Science, respectively. A comprehensive 
literature review and a general summary of the research are included. 
References cited in the Introduction, Literature Review, and Appendices 
follow the general summary. The arrangement of the papers follows the 
guidelines set forth by each journal in their instructions to authors. The 
format of the Introduction, Literature Review, General Summary, Literature 
Cited, and Appendices follow the guidelines set forth by the American 
Society of Horticultural Science publication manual. 
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LITERATURE REVIEW 
Plant Responses To Root-zone Temperature Extremes 
The effects of RZT at the molecular, cellular, and whole plant levels 
of growth have been evaluated by some researchers. The research conducted 
can be divided accordingly: 1) changes in root morphology; 2) changes in 
root and shoot growth; 3) changes in the synthesis and transport of growth 
regulators and organic compounds; 4) changes in photosynthesis, respiration 
and translocation of carbohydrates; 5) changes in water uptake and 
transpiration; and 6) changes in nutrient acquisition and assimilation 
(Cooper, 1973; Hagan, 1952; Miller, 1986; Nielsen, 1974). However, it is 
difficult to get a clear impression of causal relationships of RZT-affected 
processes because changes induced by RZT extremes are interrelated. 
Root Morphology 
Root morphology is dependent on the growth rate and maturation of 
roots. Differences in root morphology are evident between high-RZT-treated 
and low-RZT-treated roots. Supraoptimal RZT treatments (> 30C, depending 
on the species) favor more rapid cell division and maturation; the roots 
are brown, filamentous, nonsucculent, smaller in diameter, more finely 
branched with lateral roots close to the growing tip, and have fewer root 
hairs than roots of plants grown at RZT < 30C (Cooper, 1973; Hagan, 1952; 
Miller, 1986). At supraoptimal RZT, the roots also are more suberized 
because they mature more rapidly with early destruction of the cortex 
(Hagan, 1952). Graves et al. (1991) speculated that increased suberization 
and/or deposition of secondary cell wall materials behind the zone of 
elongation may have reduced water flux in thornless honey locust and tree-
of-heaven [Axlanthus altxssima (Mill.)] plants grown with roots at 34C. 
Low-RZT-treated roots (< 15C, depending on the species), however, are 
white, succulent, and larger in diameter and are less branched than high-
RZT-treated roots (Cooper, 1973; Hagan, 1952; Miller, 1986). Schwartz et 
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al. (1987) hypothesized that changes in barley (Hordeum vulgare L.) root 
morphology at a low RZT were due to reduced uptake of nutrients and water 
that lead to reduced transport of growth substances from the shoot to the 
root that limited secondary root development and branching. 
Rool: and Sboot Growth 
RZT affects growth by influencing the supply of carbohydrates, 
minerals, and water as well as by influencing rates of translocation, cell 
division, cell elongation, and cell enlargement. Nielsen (1974) reported 
that there is a functional equilibrium of water, nutrients, and 
carbohydrates between shoots and roots. Decreased root growth and 
maturation at RZT extremes can lead to reductions in shoot growth and 
development (Hagan, 1952; Nielsen, 1974). 
Cooper (1973) described a general shoot and/or root growth response 
curve to RZT (Figure 1). With increasing RZT, there is a nearly linear 
increase in the growth parameter up to an optimum/threshold RZT. Further 
increases in RZT result in a sharp decline in the measured growth 
parameter. The optimum/threshold RZT, however, differs between taxa. 
Cooper (1973) stated that the optimum RZT is often a band over which 
changes in RZT have a small effect on growth. For example, the optimal RZT 
range for tomatoes, cucumbers {Cucumis sativas L.), tobacco (Vicotlana 
tabacum L.), and soybeans {Glycine max L.) is between 25 and 30C and for 
cut mums {Dendranthema grandiflora Tzvelev.) is between 20 and 30C (Cooper, 
1973; Hicklenton, 1989; Miller, 1986; Tindall et al., 1990). Calceolaria 
(Calceolaria herbeohybrida Voss.) had improved flowering and growth as well 
as more lateral shoots at 20 to 22C than at 10 to 12C RZT (White and 
Biernbaum, 1984). Gosselin and Trudel (1986) reported that 10-week-old 
pepper (Capsicum annuum L.) plants had the highest shoot dry weight and 
maximum fruit size at 30C RZT and the lowest shoot dry weight at 12C RZT-
5 
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Figure 1. General relation for all species between root-zone temperature 
(RZT) and shoot dry weight (Cooper, 1973). 
6 
Graves et al. (1991) observed that honey locust growth increased gradually 
with increasing temperature up to a threshold RZT of 35C, but tree-of-
heaven displayed reduced shoot and root growth at RZT > 30C. Red maple 
(Acer rubrum L.) growth also was inhibited at 36C RZT (Graves et al., 
1989). Wilkins et al. (1995), however, reported that 'Autumn Flame' red 
maple stem length and dry mass were similar at 28 and 34C, but 'Franksred' 
red maple stem length and dry mass were greater at 28C RZT. They 
speculated that treating the slower-growing 'Autumn Flame' red maple for a 
longer duration at 34C might result in growth reductions similar to the 
reductions observed in the faster-growing 'Franksred' red maple. 
Bugbee and White (1984) cautioned that the optimum RZT may change 
with plant age. During the first 4 weeks of their experiment with tomato, 
the optimum RZT was between 25 and 30C, but during the fifth and sixth week 
of growth, the optimum RZT was between 20 and 25C. 
Growth Regulators and Organic Compounds 
It is believed that part of the normal processes of the roots is the 
production and release of growth metabolites and organic compounds. For 
example, root apical meristems are major sites of synthesis of free 
cytokinins that are transported to the shoot via the xylem (Taiz and 
Zeiger, 1991). Hale and Orcutt's (1987) review stated that at low RZT, 
there is a reduction in. the synthesis and translocation of cytokinins, 
amino acids, and certain vitamins. Low RZT slows metabolism and the 
production of grovfth substances, thus influencing nucleic acid and protein 
synthesis (Nielsen, 1974). 
Papadopoulus and Tiessen (1987) speculated that RZT indirectly 
affected the nutrition of tomato by affecting hormone production and 
distribution. Similarly, Patterson et al. (1972) attributed restricted 
corn (Zea mays L.) growth in plants at a low RZT to changes in cellular 
levels of free sugars, organic acids, and amino acids. They concluded that 
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corn plants were able to synthesize amino acids but were unable to 
incorporate them into proteins. 
Bugbee and White (1984) added gibberellic acid {GA3) and kinetin to 
the nutrient solution used to grow tomato plants at 15 or 25C RZT. Kinetin 
did not promote growth at either temperature. Addition of 15 MM GAj, 
however, increased leaf area and enhanced photosynthesis at both RZT. 
Gibberellic-acid-induced growth, however, was greater at 15 than at 25C. 
Exudates from tomato plants grown at 15C indicated that these plants either 
produced less cytokinins and gibberillins or produced more inhibitors. 
Bugbee and White (1984) speculated that addition of GA^ to the nutrient 
solution was effective for two reasons; 1) the root may be one of the 
primary sites of GA synthesis and root GA^ supplements can be translocated; 
or 2) a constant level of GA3 may be required for optimum growth. 
Photosyntbesis, Respiration, and Translocation of Carbohydrates 
Photosynthesis, respiration, and translocation of carbohydrates also 
have an optimum RZT range but net assimilation rates seem to be independent 
of RZT except at RZT extremes (Cooper, 1973). The shape of each response 
curve is species dependent. However, it is difficult to distinguish 
between the effects of RZT on translocation, respiration, and 
photosynthesis because they all initially increase with increasing RZT. 
Root-zone temperature influences metabolic activity and the direction 
of metabolite flow by influencing the root's ability to act as a 
carbohydrate sink (Nielsen, 1974). At low RZT, root growth is reduced 
leading to a reduced sink for photosynthates from the shoots (Hale and 
Orcutt, 1987). Hurewitz et al. (1984) observed that an increase in RZT 
increased the root sink strength of tomato seedlings. The percentage of 
'^C assimilated increased in tomato seedlings when the RZT was increased 
from 15.6 to 35C (Hurewitz et al., 1984). Tindall et al. (1990) also 
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speculated that there was greater partitioning of photosynthate to the 
roots of tomato plants under mild heat stress. 
Photosynthates transported to the root may be used for growth, 
respiratory, and/or exudation processes (Lambers, 1987). Respiration rate 
initially increases with increasing RZT unless limited by accumulation of 
respiratory products, lack of oxygen or respirable substrate, or 
inactivation of respiratory enzyme systems (Hagan, 1952). Root respiration 
provides energy for biosynthetic reactions, transport processes, and 
maintenance of cellular structures, ion gradients, and protein turnover 
(Lambers, 1987). Of the 15 to 30% of the photosynthate respired by roots, 
10% goes towards maintenance costs of roots (Lambers, 1987). Gent and 
Enoch (1983) suggested that growth of plants at low RZT is limited by a 
shortage of respiratory energy, but growth is limited at high RZT by a 
shortage of carbohydrates. 
Respiration also may be limited at supraoptimal RZT by inactivation 
of respiratory enzymes. Janes et al. (1988) reported that respiration 
rates of cultured tomato roots were greatest at 40 and 45C. However, they 
also observed decreased respiration rates of cultured tomato roots grown 
for 7 days at 33C compared to tomato roots grown for 7 days at 28C. They 
speculated that tomato respiratory enzymes could perform at RZT above 
optimum but that long term exposure of these enzymes to supraoptimal RZT 
may damage their functioning (Janes et al., 1988). 
Photosynthesis often increases in response to increased mobilization 
and translocation of carbohydrates to the roots (Hurewitz et al., 1984; 
Ruter and Ingram, 1992). However, at supraoptimal RZT, many temperate 
plants show decreases in photosynthetic rates. Ruter and Ingram (1992) 
observed after 3 weeks that photosynthesis of 'Rotundifolia' holly (Ilex 
crenata Thunb.) plants grown at 38 and 42C was below that of plants grown 
at 30 and 34C. The highest COg assimilation rate in holly occurred at 34C 
(Ruter and Ingram, 1992). Ruter and Ingram (1992) suggested that 
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'Rotundifolia' holly was capable of altering its metabolism to maintain COg 
assimilation rates in response to increasing RZT. In a companion study, 
Ruter and Ingram (1990) observed that supraoptimal RZT did not affect 
short-term photosynthetic rates in 'Rotundifolia' holly but did alter 
photosynthate partitioning to various sinks. 
Water Absorption and Transpiration 
RZT extremes can lead to water stress in many plants by changing 
water absorption, movement, and transpiration patterns. For example, at 
low RZT the reduction in water absorption is probably due to retarded root 
elongation, increased viscosity of water, decreased movement of soil water 
to the roots, decreased root membrane permeability to water, decreased root 
metabolism, and increased solubility of and CO2 in the water (Cooper, 
1973; Hagan, 1952; Hale and Orcutt, 1987; Miller, 1986; Nielsen, 1974; 
Papadopoulus and Tiessen, 1987). According to Hale and Orcutt's (1987) 
review, these events may cause a lag in water absorption that leads to 
water stress. 
Root-zone temperature at which water absorption and transpiration is 
greatest varies with plant species. For example. Graves et al. (1991) 
reported that transpiration increased from 1.31 to 1.54 mmol*m'^»s"^ when 
the RZT of thornless honey locust plants was increased from 24 to 34C, but 
that transpiration decreased from 1.56 to 0.84 mmol-m'^-s'^ when the RZT of 
tree-of-heaven plants was increased from 24 to 34C. 
Physiological changes in roots and shoots also affect water status of 
plants under RZT stress. For example, during temperature acclimation of 
soybean, increased unsaturation of membrane fatty acids was associated with 
increased resistance to water absorption in the root (Markhart et al., 
1980). Graves and Wilkins (1991) reported that water transport in 
thornless honey locust was limited by stomatal closure in the leaves and by 
the capacity of root system to extract water. In a similar study. Graves 
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et al. (1991), also observed that honey locust was better able to resist 
increased RZT than tree-of-heaven, although the root hydraulic capacity of 
both species was affected. Tree-of-heaven did not develop a sufficient 
change in water potential to override increased resistance to water flow in 
the roots. Graves et al. (1989) observed that red maple shoot water 
potential decreased with increasing RZT, but that root water potential did 
not increase with increasing RZT. Increased solute concentrations in the 
leaves and stomatal closure may have contributed to turgor maintenance in 
the red maple plants grown at 36C. 
Nutrient Acquisition and Assimilation 
Nutrient absorption and assimilation depend on the morphology and 
growth rate of the root system, the absorption characteristics of the root 
system, the nutrient supply, and root metabolic activity (Casseen and 
Barber, 1976). At RZT extremes, root metabolism is decreased resulting in 
decreased root growth as well as decreased amounts of available energy 
needed for absorption, assimilation, and translocation processes. 
Therefore, a sufficient level of a nutrient at one temperature may not be 
sufficient at another temperature (Lingle and Davis, 1959). The Q^g for 
ion accumulation is not the same for all species and all RZT (Locascio and 
Warren, 1960). 
In Cooper's review (1973), he suggested that there exists a general 
relationship in most species between RZT and the mineral content of plant 
tissue (Figure 2). He described four curves (A, B, C, and D) to indicate 
four representative species. In species D, mineral concentration increases 
with increasing RZT to an optimum RZT at which the mineral concentration is 
greatest, and then decreases at RZT greater than optimum. In species A, 
the mineral concentration decreases with increasing RZT. Species B and C 
represent transitions between these two extremes. Cooper (1974) suggested 
that these different response curves resulted because plant tissue mineral 
11 
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Figure 2. General relation for all species between root-zone temperature 
(RZT) and mineral nutrient content of plant tissue (Cooper, 
1973). 
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content is directly proportional to the rate of mineral absorption and 
inversely proportional to growth rate. 
The majority of species approximate to species D with respect to 
their nitrogen (N), phosphorus (P), and potassium (K) content (Cooper, 
1973). For example, Tindall et al. (1990) reported a similar response in 
tomato nitrate (NOj"), ammonium (NH^"^), P, K, magnesium (Mg), copper (Cu), 
manganese (Mn), and zinc (Zn) uptake with maximum uptake of these ions at 
25C RZT. Hood and Mills (1994) also observed that the uptake of NOj", 
P, K, calcium (Ca), Hg, boron (B), iron (Fe), Mn, and Zn by snapdragon 
(Antirrhinum majus L.) plants increased as RZT increased from 8 to 29C, but 
uptake of these ions decreased as RZT increased from 29 to 36C. 
It has been reported that the uptake of anions usually increases with 
increasing RZT whereas the uptake of cations decreases slightly with 
increasing RZT (Hagan, 1952; Petrie, 1927). Energy in the form of ATP, 
generated from root respiration, drives the uptake of NO^', K'^, HjPO^", 
SO^^", and CI' into the roots (Johnson, 1990). The uptake of divalent 
cations, however, is usually passive down an electrochemical gradient 
(Johnson, 1990). Increased root respiration rates in response to 
increasing RZT probably provides more energy for anion uptake. Gosselin 
and Trudel (1986) observed that N, P, and K concentrations in pepper leaves 
increased with an increase in RZT from 12 to 36C but that Mg and Ca 
concentrations in pepper leaves decreased with increasing RZT. Nutrient 
absorption, however, is less RZT dependent at higher external nutrient 
concentrations because the energy requirement for root absorption is 
diminished (Hagan, 1952). 
RZT also can influence the rate of release of inorganic and organic 
forms of nutrients in soils by affecting microorganism activity in the soil 
(Cooper, 1973; Miller, 1986; Nielsen, 1974). However, a soil media extract 
analysis conducted by Locascio and Warren (1960) indicated that the 
availability of P in the soil was not responsible for the observed 
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differences in P utilization by tomato plants grown at varying RZT 
treatments. 
RZT limitations on growth cannot always be overcome by increasing 
nutrient supply to roots. For example, tomato plants were unable to use 
the increased P supply at IOC RZT to increase growth because growth was 
more limited by the RZT than the P supply (Lingle and Davis, 1959). Wilcox 
et al. (1961) reported that tomato plants were sensitive to additional P 
added to the soil within the RZT range of 13.3 to 14.4C, with the greatest 
response to P additions at 14.4C. At 13.3C, metabolic activity was reduced 
and growth could not be induced by adding P to the soil. Sheppard et al. 
(1986) pointed out the importance of correlating relative growth rate with 
the efficiency of utilization of the nutrient. They observed that it took 
spring wheat {Triticum aestlcum L. 'Neepawa') plants grown at IOC longer to 
reach the sampling criteria than plants grown at 25C, but that P was used 
more efficiently in the slow-growing wheat plants at IOC. 
Summary 
Roots perform a variety of interrelated functions that are influenced 
by RZT extremes in the root medium. Decreased root performance at RZT 
extremes influences whole plant growth and functioning. For most temperate 
plants, growth and other functions increase in response to increasing RZT 
to an optimum/threshold RZT. It is important to know the optimum RZT for 
different plant functions because deleterious effects can occur if plants 
are grown at RZT above their optimum. It is important to note that RZT 
optima vary among species and with the variable (eg. growth, water 
absorption, nutrient absorption, etc.) being measured. 
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GROWTH AND PHOSPHORUS, ZINC, AND MANGANESE CONTENT OF TOMATO, MUSKMELON, 
AND HONEY LOCUST AT HIGH ROOT-ZONE TEMPERATURES 
A paper to be submitted to the Journal of Plant Nutrition 
Kimberly A. Klock, Henry G. Taber, and William R. Graves 
Department of Horticulture, Xowa State University, Ames, Iowa 50011-1100. 
Abstractt Horticultural species vary in growth response to root-zone 
temperature (RZT) that exceed 30C, but little is known about the effects of 
RZT on nutrient absorption. We determined the amount of P, Zn, and Mn in 
plants of tomato {Lycopersicon esculentum Mill. Jet Star), muskmelon 
(Cucumis melo L. 'Gold Star'), and thornless honey locust {Gleditsia 
triacanthos L. var. J.nermis Willd.) grown in Hoagland's No. 1 solution that 
was held at 24, 27, 30, 33, and 36C RZT. Tomato dry mass and P and Mn 
content were greatest at 24 to 30C RZT, but tomato Zn content did not show 
a response to RZT. Muskmelon dry mass and P, Zn, and Mn content, however, 
were greatest at 36C. Honey locust dry mass and P and Zn content did not 
vary with RZT, but honey locust Mn content decreased linearly with 
increasing RZT. Growth and P, Zn, and Mn absorption of Gold Star' 
muskmelon were increased by continuous exposure to RZT > 300, whereas honey 
locust growth and P, Zn, and Mn acquisition were not changed by exposure to 
RZT > 30C. Growth and P, Zn, and Mn absorption of "jet Star' tomato, 
however, were decreased by continuous exposure to RZT > 30C. 
Introduction 
Economically important temperate horticultural crops often are 
subject to root-zone temperatures (RZT) that exceed 30C. For example, the 
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RZT of urban street trees can exceed 30C (5), and RZT that exceed 40C have 
been reported in the root medium of plants grown in black plastic 
containers (13). RZT > 35C also have been reported for tomato 
(Lycopersicon esculentum Hill.) and muskmelon plants {Cucumis melo L.) 
grown under plastic mulches (1, 17, 18, 20, 22). 
For most temperate crops, RZT > 30C are considered supraoptimal. 
Supraoptimal RZT influences plant growth and development as well as mineral 
nutrient acquisition and translocation by affecting root morphology, 
anatomy, and physiology (1, 9, 16, 17). Temperate plants exposed to 
supraoptimal RZT have the potential to accumulate excess phosphorus (P) 
because anion absorption usually increases with increasing RZT (9, 15, 21). 
Increased P acc[uisition has been associated with zinc (Zn), manganese (Mn), 
and/or iron (Fe) deficiencies (9, 15, 21). 
Horticultural crops vary in their tolerance to supraoptimal RZT, and 
knowledge of RZT effects on plant growth and nutrient absorption is 
important for selection of tolerant genotypes and for efficient management 
practices. Tolerance to supraoptimal RZT has been assessed singly in a few 
temperate horticultural crops, but few comparisons have been conducted on 
differences in growth and nutrient absorption of horticultural crops with 
differing tolerances to RZT > 30C. Seedlings of thornless honey locust 
(Gleditsia triacanthos L. var. Inermis Willd.) show greater shoot extension 
at 34C RZT than honey locust seedlings at 24C RZT (6). Muskmelons also 
show rapid vegetative growth in response to soil temperatures > 30C (18, 
20). The optimum RZT for tomato growth and P, Zn, and Mn acquisition, 
however, is between 25 and 30C (1, 2, 11, 22, 23). No research has been 
conducted on muskmelon or honey locust acquisition of P, Zn, and Mn at RZT 
> 30C. The purpose of this study was to compare the growth and P, Zn, and 
Mn content of seedlings of tomato, muskmelon, and thornless honey locust 
that had been exposed to RZT of 24 to 36C. 
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Materials and Methods 
Seeds of 'jet Star' tomato and 'Gold Star' muskmelon (Green Barn Seed 
Co., Deephaven, MN) were germinated under mist in a greenhouse for 9 days 
in grade 16 silica sand (Onimin Corp., LeSeuer, MN). Half-sib seeds of 
thornless honey locust (from a tree on the campus of the University of 
Maryland, College Park, MO) were scarified in 18 M H^SO^ for 45 minutes and 
germinated at 25C in the dark for 9 days between sheets of paper moistened 
with deionized water. Seedlings were transferred to a container equipped 
for the control of RZT similar to those described previously (4) when 
tomato and muskmelon plants had two true leaves and honey locust plants had 
four true leaves. Seedlings were grown in continuously aerated Hoagland's 
No. 1 solution (10) with 0.1 mM FeEDDHA [ethylenediamine di (o-
hydroxyphenyl acetic acid)]. The nutrient solution was adjusted to pH 5 
with 0.05 N NaOH and was replaced every 5 days. 
The experiment was conducted in February, 1994, and repeated in 
April, 1994, in a greenhouse (27 + 5C day and night air temperature and 50 
to 85% RH) at Iowa State University (Ames, lA)• Natural irradiance of 69 
to 162 W'm"^ was supplemented by two 400-W high pressure sodium lamps that 
provided 70 Mjnol«s"^*m"^ of photosynthetically active radiation from 0600 to 
2100 CST. 
Initiation and duration of RZT treatments were based on plant fresh 
mass and number of true leaves (Table 1). Length of acclimatization at 25C 
for each species was staggered to ensure a synchronized initiation of the 
RZT treatments among the three plants tested. The RZT treatments of 24, 
27, 30, 33, and 360 were held constant for 9 to 18 days, depending on 
species and replication of the experiment (Table 1). Number of true leaves 
was used to determine termination of RZT treatments because leaf number did 
not vary with RZT. 
Fresh mass and leaf number were measured every 3 days during the 
experiment. Shoots and roots were harvested at the initiation of RZT and 
at the end of the treatment period. Harvested tissues were rinsed thrice 
with deionized water and dried for 72 h at 67C. Dried shoots and roots 
were weighed and ground with a Wiley Hill (Arthur H. Thomas Co., 
Philadelphia, PA) to pass through a 40-mesh screen. Elemental composition 
of shoots and roots was determined by dry ashing 250 mg each of shoot and 
root tissue and dissolving the ash in 1:1 (v/v) HCl. Zinc and Mn were 
analyzed by atomic absorption spectrometry techniques, and P was determined 
by the ammonium molybdate colorimetric method (14). To avoid growth 
dilution effects, shoot and root P, Zn, and Hn concentrations were 
multiplied by shoot and root dry mass, respectively, to express P, Zn, and 
Mn on a per shoot and root basis. 
Pots were arranged in a completely randomized design with five 
replicates for each species and temperature combination. Results were 
recorded as increases in each dependent variable determined by subtracting 
the values recorded at RZT initiation from the values recorded at the end 
of treatments. Shoot and root values for each dependent variable were 
added to get increases in whole plant dry mass and nutrient content. All 
values were analyzed by using analysis of variance and regression 
procedures to examine linear and quadratic effects (19). 
Results were combined for February and April runs for tomato and 
honey locust as there was no difference between runs of the experiment. 
Muskmelon also was run twice, but seedling growth was variable in February. 
Muskmelon seedling growth was more uniform in April, and therefore, only 
April data will be presented. 
Results 
RZT effects on plant dry mass and P, Zn, and Mn content varied with 
species. Tomato whole plant dry mass increased as RZT increased from 24 to 
27C but decreased at RZT > 27C (Figure 1). Muskmelon whole plant dry mass, 
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however, increased linearly with increasing RZT, whereas honey locust whole 
plant dry mass did not show a response to RZT (Figure 1). 
Tomato whole plant P and Mn content and shoot P and Mn concentration 
increased as RZT increased from 24 to 30C but were decreased at RZT > 30C 
(Figure 2, Table 2). Tomato Zn content and shoot Zn concentration did not 
show a response to RZT (Figure 2, Table 2). Muskmelon whole plant P, Zn, 
and Mn content, however, increased linearly with increasing RZT (Figure 2). 
Muskmelon shoot P and Zn concentration also increased linearly with 
increasing RZT, but shoot Mn concentration did not change with RZT (Table 
2). Honey locust whole plant Mn content and shoot Zn and Mn concentration 
were lowest at 36C (Figure 2, Table 2). Honey locust whole plant P and Zn 
content and shoot P concentration, however, did not change with increasing 
RZT (Figure 2, Table 2). 
Discussion 
Previous results have shown that plant growth and nutrient absorption 
increase with increasing RZT to a species-dependent threshold/optimum RZT 
above which growth and nutrient acquisition decrease (1, 9, 16). Our 
results show that the tomato, muskmelon, and honey locust plants tested had 
different threshold RZT for growth and P, Zn, and Mn absorption. 
Results of this experiment confirm the reported 25 to 30C optimum RZT 
for tomato growth (2, 11, 22, 23). This optimum RZT range is consistent 
with field data of reduced tomato yields and growth under plastic mulch 
(22). Tindall et al. (22) attributed reduced tomato yield to limited root 
development due to soil temperatures of 35 to 40C under the plastic mulch. 
Reductions in root growth and activity in this experiment probably led to 
the subsequent reductions in plant growth and nutrient content. Greatest 
tomato P and Mn content were at approximately 27 and 28C, respectively. 
These RZT are close to the reported optimum RZT of 25C for P and Mn uptake 
in Burpee 'Big Boy Hybrid' tomato (23). The lack of a response of Zn 
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content to RZT may be explained by Fawusi and Ormrod's (8) report that 
speculates that temperature regulates Zn translocation more than absorption 
in tomato plants. 
Muskmelon whole plant dry mass, P, Zn, and Mn content were greatest 
at 36c. There is no reported optimum RZT for muskmelon growth and nutrient 
absorption, but muskmelons under plastic mulch grew faster and had earlier 
fruit set and higher yields than muskmelons grown under straw mulch or bare 
ground (18, 20). Plastic mulches more than doubled early muskmelon yields 
as compared with bare ground (20). Marketable yield increased from 45 
cumulative weight*acre'^ (bare ground) to 121 cumulative weight*acre'^ 
(plastic mulch) (20). In this experiment, the enhanced shoot growth we 
observed for muskmelons grown at 36C was probably in response to increased 
water and nutrient absorption and translocation as well as greater 
partitioning of photosynthate to the shoots. However, additional research 
needs to be conducted with RZT greater than 36C to determine the threshold 
RZT for muskmelon growth and nutrient acquisition and to explain mechanisms 
of increased growth and nutrient uptake at RZT > 30C. 
Honey locust whole plant dry mass, P, and Zn content did not differ 
over the range of RZT tested, but Mn content was greatest at 24C. The 
predicted threshold RZT for honey locust growth, however, is 34 to 35C (3, 
6). Differences in duration of RZT exposure may explain the observed 
tolerance of the honey locust seedlings tested to RZT > 34C. In our 
experiment, honey locust seedlings were exposed to 36C RZT for an average 
of 15 days, but in Graves' study (3), which predicted the threshold RZT of 
35C, honey locust seedlings were exposed to 35C RZT for 42 days. Ingram 
(12) used a mathematical model to describe the relationship between the 
effects of RZT and exposure time on the thermostability of Ilex crenata 
Thunb. 'Helleri' and Ilex vomxtorla Ait. 'Schellings' root cell membranes. 
Critical RZT corresponding to 50% electrolyte leakage decreased linearly as 
duration of exposure increased exponentially (12). He speculated that 
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exposing 'Schellings' roots to 45C for 3 h daily would not damage root cell 
membranes, but exposing roots of 'Helleri' to 45C for 3 h daily would kill 
the roots (12). It also is possible that tolerance levels to supraoptimal 
RZT may be confounded by growth rate differences. Wilkins et al. (24) 
speculated that treating the slower-growing 'Autumn Flame' red maple (Acer 
rubrum L.) for longer duration at high RZT might result in growth 
reductions similar to the reductions observed in the faster-growing 
'Franksred' red maple. Stem length and dry mass of 'Autumn Flame' red 
maple were similar at 28 and 34C, but 'Franksred' red maple stem length and 
dry mass were higher at 28 than 34C (24). In our study, honey locust grew 
relatively slowly producing about one third of the dry mass produced by 
tomato at 27C and muskmelon at 36C. 
For each species tested at each RZT, shoot P, Zn, and Mn 
concentrations were at sufficient levels. No P-Zn-Mn interaction was 
observed in any of the plants tested. Metabolic energy from root 
respiration is expended to absorb anions across a concentration gradient, 
whereas cations usually are absorbed by facilitated diffusion across a 
gradient in membrane potential (21). Because respiration rate initially 
increases in response to increasing RZT, the amount of anion absorbed 
usually increases with increasing RZT, whereas the amount of cation 
absorbed does not change (9, 21). Plants exposed to supraoptimal RZT might 
accumulate excessive P, and high levels of P have been reported to induce 
Zn, Mn, and Fe deficiencies in plants (15, 21). Hagan (9) speculated that 
ion absorption becomes less dependent on temperature as external nutrient 
concentrations increase because less energy is required for absorption. 
Major P-Zn-Mn interactions usually take place in the soil or growing medium 
and not in the plant (15). To each plant tested, P, Zn, and Mn were 
supplied in highly available forms at sufficient concentrations in the 
nutrient solution. If we had created a competition effect between P, Zn, 
and Mn by increasing or decreasing concentrations of one or more of these 
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Ions in the nutrient solution, we may have seen an effect of RZT on the P-
Zn-Mn interaction described in the literature. 
Conclusions 
We confirmed that the threshold RZT for 'jet Star' tomato growth and 
P and Mn absorption was between 25 and 30C. Continuous exposure of 'jet 
Star' tomato plants to 36C decreased growth and nutrient acquisition. 
Growth and P, Zn, and Mn absorption of 'Gold Star' muskmelon, however, were 
increased in response to continuous exposure to RZT > 300, whereas 
thornless honey locust growth and P, Zn, and Mn acquisition were not 
affected by exposure to RZT > 30C. 
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TABLE 1. Plant development traits used to determine initiation and duration of root-zone 
temperature (RZT) treatments. 
Plant Development Traits 
Initiation of RZT Termination of RZT Days in RZT 
Plant Species 
Fresh Mass 
(g) 
Leaf Number 
(true leaves) 
Leaf Number 
(true leaves) 
Experiment 1 
(Feb., 1994) 
Experiment 2 
(April, 1994) 
Tomato 6 to 7 4 to 5 8 to 9 
Muskmelon 7 to 9 3 to 4 12 to 15 10 
Honey locust 3 to 5 7 to 8 12 to 15 18 12 
25 
TABLE 2. Effect of root-zone temperaure (RZT) on tomato, muskmelon, 
and honey locust mean shoot phosphorus, zinc, and manganese 
concentrat ion. 
Shoot Elemental Concentration 
:-zone Temperature Phosphorus^ Zinc^ Manganese* 
(C) (%) (ppm) (ppm) 
Tomato 
24 0.74 52.8 132.9 
27 0.77 38.4 145.5 
30 0.73 50.3 161.2 
33 0.65 59.5 137.5 
36 0.34 29.3 64.8 
Significance" L,Q NS L,Q 
Muskmelon 
24 0.49 40.0 118.4 
27 0.58 38.8 112.5 
30 0.53 40.1 128.8 
33 0.60 40.9 132.5 
36 0.83 50.7 122.3 
Significance L L,Q NS 
Honey locust 
24 0.28 17.5 57.9 
27 0.30 23.2 78.0 
30 0.27 29.1 62.8 
33 0.30 28.7 56.8 
36 0.22 26.1 43.5 
S ignif icance NS L,Q Q 
^Sufficiency range for phosphorus is 0.2 to 1.2% (7) 
^Sufficiency range for zinc is 15 to 75 ppm (7) 
*Sufficiency range for manganese is 50 to 250 ppm (7) 
"NS, L, Q indicate not significant or linear and/or quadratic response, 
respectively. 
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Root-zone Temperature (C) 
FIGURE 1. Effects of root-zone temperature (RZT) on tomato (-•-), 
muskmelon (-•-), and honey locust (-A-) whole plant dry mass. 
Equations for dry mass are: y = -13.2 + 1.2x - 0.02x , r = 
0.74 (tomato); y = 0.21 + O.OSx, r^ = 0.75 (muskmelon). The 
equations are significant at P>F 0.01. The effect of RZT on 
honey locust whole plant dry mass was not significant. 
FIGURE 2. Effects of root-zone temperature (RZT) on tomato (-•-), 
muskmelon (-•-), and honey locust (-A-) whole plant 
phosphorus, zinc, and manganese content. Equations for 
phosphorus are: y = -140.8 + 12.5x - 0.24x^, r^ = 0.83 
(tomato); y = -17.8 + 1.2x, r^ = 0.89 (muskmelon). Equation 
for zinc is; y = -0.13 + O.Olx, r^ = 0.91 (muskmelonl. 
Equations for manganese are: y = -7.5 + 0.6x - O.Olx^, r' = 
0.62 (tomato); y = -0.14 + 0.02x, r^ = 0.91 (muskmelon); y = 
0.29 - 0.006x, r^ = 0.56 (honey locust). All equations 
listed were significant at P>F 0.05. The effect of RZT on 
honey locust P and Zn, and on tomato Zn whole plant contents 
were not significant. 
Mn Content (mg Mn/plant) 
o o o p p p p p  
T—I—\—I—I—I—r 
Zn Content (mg Zn/plant) P Content (mg P/plant) 
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ROOT RESPIRATION AND PHOSPHORUS NUTRITION OF 
TOMATO PLANTS GROWN AT 36C ROOT-ZONE TEMPERATURE 
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Abstract. Growth of tomato plants (Lycopersicon esculentum Mill.) 
decreases at root-zone temperatures (RZT) > 30C, but no research has been 
conducted on the effects of changes in root respiration on phosphorus (P) 
accjuisition at supraoptimal RZT. We monitored the changes in root 
respiration, root surface phosphatase activity, and P acquisition of 'Jet 
Star' tomato plants grown in Hoagland's No. 1 solution held at 25 and 36C 
RZT for 19 days. Root respiration rate in plants grown at 25C increased 
linearly over time, and root respiration at 36C increased from RZT 
initiation to day 8 and then decreased. Shoot P concentration and root 
phosphatase activity for plants grown at 25C did not change during the 
experiment. Shoot P concentration for plants at 36C, however, linearly 
decreased over time, and root phosphatase activity linearly increased. 
Increased root respiration rates at 36C RZT appeared to deplete available 
metabolic energy for growth and nutrient acquisition. The decrease in root 
respiration rate after day 8 also was probably due to depletion of 
available carbohydrates. 
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According to Tindall et al. (1990), the optimum root-zone temperature 
(RZT) for tomato {Lycopersicon esculentum Mill. Burpee Big Boy Hybrid) 
growth and P uptake is 25C. They observed decreased P uptake in Burpee 
'Big Boy Hybrid' tomato plants held at 32.2 and 36.7C RZT, but tissue 
concentrations of P were not deficient (Tindall et al., 1990). 
Energy in the form of ATP generated through respiration drives the 
transport of phosphate and other ions into the cells of roots (Johnson, 
1990). Changes in root respiration at supraoptimal RZT (> 30C) may deplete 
available energy for nutrient acquisition (Cooper, 1973, Hagan, 1952). 
Respiration rate initially increases with increasing RZT unless limited by 
accumulation of respiratory products, lack of oxygen or respirable 
substrate, or inactivation of enzyme systems (Hagan, 1952). 
Previous research conducted on comparing tomato root respiration at 
different RZT has focused on differences in root respiration after a set 
amount of time (Janes et al., 1988). No research has been conducted 
comparing changes in tomato root respiration and P acquisition at different 
RZT for the duration of the RZT exposure. Furthermore, no research has 
been conducted on the effects of RZT on the nonspecific surface acid 
phosphatase activity of tomato roots. Although the precise role of the 
external phosphatase has not been determined, it might be a phosphate 
transport agent, the phosphatase activity being incidental, or it might 
hydrolyze polyphosphates, P-esters, and other organic P compounds in the 
medium (Bieleski, 1973; Boutin et al., 1981; Juma and Tabatabai, 1988). 
Increased phosphatase activity has been used as an enzymatic marker of P 
deficiency (Bieleski, 1973; Boutin et al., 1981). Our objective was to 
investigate the changes in root respiration, root surface phosphatase 
activity, and P acquisition over time in tomato plants grown at 25 and 36C 
RZT. 
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Materials and Methods 
Seeds of 'Jet Star' tomato (Green Barn Seed Co., Deephaven, Minn.) 
were germinated under mist in a greenhouse for 9 days in grade 16 silica 
sand (Unimin Corp., LeSeuer, Minn.). Seedlings were transferred to 
containers equipped to control RZT (Graves and Dana, 1987) when they had 
two true leaves. Seedlings were grown in a continuously aerated Hoagland's 
No. 1 solution (Hoagland and Arnon, 1950) with 0.1 mM FeEDDHA 
[ethylenediamine di (o-hydroxyphenyl acetic acid)]. The nutrient solution 
was adjusted to pH 5 with 0.05 N NaOH and was replaced every 5 days. 
The experiment was conducted in January, 1995 and repeated in 
February, 1995, in a greenhouse (27 + 5C day and night air temperature and 
50 to 85% RH) at Iowa State University (2\mes, Iowa). Natural irradiance of 
69 to 162 W*m'^ was supplemented by two 400-W high pressure sodium lamps 
that provided 70 ionol's"^* m"^ of photosynthetically active radiation from 
0600 to 2100 CST. 
RZT treatments of 25 and 36C were initiated when plants had three to 
four true leaves and had a fresh mass of 2 + 0.5 g. Eight plants per RZT 
treatment were harvested at RZT initiation and 6, 12, 16, and 19 days later 
in the January replication. The plants grew faster in the February 
replication. To ensure that tomato plants were harvested at the same 
developmental stages as in the January replication, the plants were 
harvested sooner in the February replication at 6, 10, 14, and 17 days 
after RZT initiation. The pots were arranged in a completely randomized 
design. To have enough root material to make physiological measurements, 
roots were combined from two randomly chosen plants per RZT treatment to 
give four replicates for each temperature and day combination. 
Harvested roots were rinsed thrice in deionized-distilled water and 
were cut into 3-cm-long segments in 0.5 mM CaCl2 solution. Root segments 
were-blotted dry and weighed into samples for root respiration and root 
surface phosphatase measurements. 
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Root respiration was measured by using a Gilson Single Valve 
Differential Respirometer (Gilson Medical Electronics, Inc., Middleton, 
Wis.). The reaction vessels were lined with three layers of Whatman No. 1 
filter paper that was moistened with 0.8 ml of Hoagland's No. 1 solution. 
Root samples of 200 mg were placed on the filter paper in the reaction 
vessel. The reaction vessel was maintained at 25 + 0.3C by using a 
circulating heated water bath. Oxygen consumption was measured in the 
presence of 20% KOH (w/v) in the center well of each reaction vessel. 
Oxygen consumption data were taken once every hour for 6 h. Respiration 
rate reached a steady state at the fifth hour, and therefore, only the 
fifth-hour measurements are reported. Respiratory rate was expressed as X(Ii 
of Og consumed»g fresh mass"^*h"^. 
Root surface acid phosphatase activity was determined by the method 
of Juma and Tabatabai (1988). Activity was determined by the amount of p-
nitrophenol (PNP) released when 250 mg of 3-cm-long root pieces were 
incubated with 4 ml of modified universal buffer (pH 5) and 1 ml of 
buffered 5 mM p-nitrophenyl phosphate (pH 5) for 1 h at 37C. Reaction was 
stopped by adding 4 ml 0.5 M NaOH and 1 ml of 0.5 M CaCl2. Samples were 
filtered through Whatman No. 1 filter paper, and the intensities of the 
yellow filtrate were measured on a Spectronic 21 spectrophotometer (Milton 
Roy Co., Rochester, N.Y.) at 420 nm. p-nitrophenol contents were 
determined from a calibration curve. 
Shoots at each harvest date were dried for 72 h at 67C, weighed, and 
ground with a Wiley Mill (Arthur H. Thomas Co., Philadelphia) to pass 
through a 40-mesh screen. Elemental composition of shoots was determined 
by dry ashing 250 mg of shoot tissue and dissolving the ash in 1:1 (v/v) 
HCl. Shoot P concentration was determined by the ammonium molybdate 
colorimetric method (Jackson, 1958). 
All dependent variables were analyzed by using analysis of variance 
and regression procedures to examine linear and quadratic effects (Steel 
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and Torrie, 1980). Results were not different for the January and February 
replications. Because sampling dates did not coincide for January and 
February, data from two replications were not combined and only January 
results will be presented. 
Results 
Shoot dry mass of plants at 25C increased from a mean dry mass of 
0.34 g at initiation to 15.3 g at day 19, whereas shoot dry mass of plants 
at 36C increased from 0.42 g at initiation to 2.2 g at day 19 (Fig. 1). 
Root respiration for plants grown at 25C increased linearly from 228 UJL 
Og'g fresh mass"^«h"^ at RZT initiation to 240 jl<L Oj-g fresh mass'^*h"^ at 
day 19 (Fig. 2). Root respiration at 36C, however, increased from RZT 
initiation to day 8 and then decreased (Fig. 2). 
Shoot P concentration in 25C-treated plants was not different over 
time, but shoot P concentration in 36C-treated plants decreased linearly 
from 0.81% at RZT initiation to 0.31% at day 19 (Table 1). Phosphatase 
activity in roots at 36C increased linearly for the duration of the 
experiment, but phosphatase activity in roots at 25C did not change during 
the experiment (Fig. 3). The average mean phosphatase activity was 1.6 
Mjnol of PNP released-mg fresh mass'^«h'^ at 36C and 1.1 i(.mol of PNP 
released*mg fresh mass'^»h"^ (LSDgqj = 0.16). 
Discussion 
Previous research indicates that increased root respiration in plants 
grown at supraoptimal RZT depletes the available carbohydrate supply for 
plant growth as well as for nutrient acquisition, assimilation, and 
translocation (Hagan, 1952; Gent and Enoch, 1983). Our results strengthen 
the body of evidence for this through direct comparison of shoot growth, 
root respiration, shoot P concentration, and surface phosphatase activity 
in tomato plants grown at 25 and 36c RZT. 
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Tomato plants grown at 25C RZT had an average increase in shoot dry 
mass of 11.0 g between days 12 and 19, but tomato plants grown at 36C had 
an average increase in shoot dry mass of 0.7 g between days 12 and 19 (Fig. 
1). Gent and Enoch (1983) suggested that growth is limited at supraoptimal 
RZT by a shortage of carbohydrates. Photosynthates transported to the root 
may be used for growth, respiratory, and/or exudation processes (Lambers, 
1987). Of the 15 to 30% of the photosynthates respired by roots, 10% goes 
toward maintenance costs of roots (Lambers, 1987). Maintenance respiration 
increases with increasing RZT to maintain protein turnover, cellular and 
ionic gradients, and physiological adaptations to high RZT (Amthor, 1984; 
Lambers, 1987). Increased maintenance respiration accompanied by either no 
change or a decrease in growth respiration could account for the observed 
decreased tomato shoot growth. 
We also observed increasing respiration rates from initiation of 36c 
RZT to day 8, followed by a decline in respiration rate (Fig. 2). It is 
possible that the decline in root respiration after 8 days in plants at 36C 
was due to a lack of respirable substrate and/or inactivation of 
respiratory enzymes. Many enzymes are labile at 40 to 50C, and enzyme-
catalyzed reactions are sensitive to changes in RZT. Janes et al. (1988) 
incubated cultured 'Vendor' tomato roots at temperatures ranging from 10 to 
50C for 30-min, and they observed that the highest root respiration rates 
were at 40 and 45C. However, they also observed decreased respiration 
rates of cultured 'Vendor' tomato roots grown for 7 days at 33C compared to 
roots grown for 7 days at 28C. This led them to speculate that tomato 
respiratory enzymes could function at RZT above optimum but that long-term 
exposure of these enzymes to supraoptimal RZT may damage enzyme functioning 
(Janes et al., 1988). 
Although shoot P concentration in plants held at 36C decreased over 
time, shoot P concentrations were not deficient (Table 1). The reported 
sufficiency range for P in tomato shoots is 0.2 to 1.2 % (Epstein, 1972). 
Shoot P concentration in plants at 25C also was within the reported 
sufficiency range. It is possible that the depletion of carbohydrates from 
increased maintenance respiration at 36C led to the decreased P absorption 
in plants at 36C as compared to plants at 25C. Szaniawski and Kielkiewicz 
(1982) suggested that respiration costs for ion uptake involve both 
maintenance and growth respiration. They speculated that 30 to 70% of 
maintenance respiration and 35% of growth respiration are used for nutrient 
uptake and/or decarboxylation processes. Metabolic energy from root 
respiration is expended to absorb phosphate actively into the root across a 
concentration gradient, and therefore changes in root respiration will 
influence phosphate acquisition (Johnson, 1990). 
Previous research reported that plants grown in P-deficient media had 
increased phosphatase activity associated with lower tissue P concentration 
(Bieleski, 1973). Boutin et al. (1973) observed that tomato plants grown 
in a medium without P had lower root and shoot P concentrations and a 
higher phosphatase activity thaa plants grown in a medium with P. Our 
findings show that phosphatase activity also increased in response to a RZT 
of 36C. The reason for this increase is unclear but could have been a 
response to RZT or a response to the low P concentrations in the plants 
resulting from the heat stress. Our study was conducted with nonsterile 
plants so the activity of the rhizospheric microflora may explain part of 
the observed phosphatase activity (Paul and Clark, 1989). The increased 
phosphatase activity at 36C could have resulted from increased microflora 
activity in response to increased root exudation at 36C. Root exudates are 
a major source of carbon and are usually rapidly decomposed by 
microorganisms (Paul and Clark, 1989). Direct injury to roots from RZT 
extremes may be revealed through loss of membrane integrity and increased 
electrolyte leakage/exudation (Calkins and Swanson, 1990; Levitt, 1980). 
Increased electrolyte leakage was observed as the 30-min incubation 
temperature of excised roots of Ilex crenata Thunb. 'Rotundifolia' 
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increased from 30 to 55C (Ruter and Ingrain, 1991). Additional research, 
however, must address the relationship between increased phosphatase 
activity and P acquisition under heat stress. 
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Table 1. Change in shoot phosphorus concentration of 'Jet Star' tomato 
plants grown at 25 and 36C root-zone temperature (RZT) for 19 
days. Values are means of eight single plant replications. 
Shoot phosphorus 
(%) 
concentration 
Duration of RZT 25C 36C 
0 0.81 0.81 
6 1.12 0.74 
12 1.06 0.43 
16 0.87 0.39 
19 1.01 0.31 
Significance^ NS L 
^NS, L indicate not significant or 
significant quadratic responses. 
linear response. There were no 
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Figure 1. Increase in mean shoot dry mass of 'Jet Star' tomato plants 
exposed to 25C (-•-) and 36C (-•-) root-zone temperature (RZT) 
for 19 days. Values are means of eight single plant 
replications. Equations of the lines are: y = 1.4 - 0.5x + 
0.06x2, r^ = 0.82 for 25C; y = 0.23 + O.llx, r^ = 0.83 for 36C. 
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Figure 2. Changes in mean root respiration of 'jet Star' tomato plants 
exposed to 250 {-•-) and 36C (-•-) root-zone temperature (RZT) 
for 19 days. Values are means of four combined root 
replications. Equations of the line are; y = 187.2 + 3.5x, r^ 
= 0.27 for 250; y = 172.5 + 48.4x - 2.8x2, r^ = 0.75 for 360. 
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Duration of Root-zone Temperature (days) 
Figure 3. Changes in root surface phosphatase activity of 'jet Star' 
tomato plants exposed to 250 (-•-) and 360 (-•-) root-zone 
temperature (RZT) for 19 days. Values are means of four 
combined root replications. Equation of the line is; y = 1.0 + 
0.05x, r^ = 0.56 for 360. Phosphatase activity at 250 did not 
show a linear or quadratic response. 
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6SNERAL SUMMARY 
Root-zone temperatures (RZT) that exceed 30C do occur in the 
environment. It is evident that the tomato, muskmelon, and honey locust 
examined differ in their responses to RZT > 30C. In our first study, 
greatest 'Jet Star' tomato growth and P and Mn content were observed at RZT 
between 25C and 30C. Tomato Zn did not show a response to RZT > 30C. 
Greatest 'Gold Star' muskmelon growth and P, Zn, and Mn content were 
observed at 36C. Further research, however, is needed to determine the 
optimum RZT for muskmelon growth and nutrient acquisition. Thornless honey 
locust growth and P, Zn, and Mn content were not different at 24 and 36C 
RZT. The slower growth rate of honey locust plants, however, may explain 
their observed tolerance to RZT > 30C. 
In our second study, root respiration in 'jet Star' tomato plants 
grown at 36C RZT initially increased up to approximately day 8 followed by 
a decline. We speculated that the decline was due to a lack of respirable 
substrate and/or inactivation of respiratory enzymes. Depletion of a 
respirable substrate also may explain our observed decreased shoot dry mass 
and P uptake in plants held at 36C RZT. The increase in phosphatase 
activity at 36C could have been in response to 36C RZT or a response to the 
low P concentrations in plants resulting from a 36C RZT. Our study was 
conducted with nonsterile plants so the activity of the rhizospheric 
microflora may explain part of the observed phosphatase activity. 
Additional research must address increased phosphatase activity under heat 
stress and its relation to P acquisition. 
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APPENDIX A; NUTRIENT SOLUTION PREPARATION 
Table 1. Hoagland's number 1 solution was used to grow tomato, 
muskmelon, honey locust, and geranium plants in all studies. 
Nutrient solution was adjusted to pH 5 with 0.05 N NaOH. 
Chemical 
Stock Solution 
Concentrat ion 
(g of chemical/L) 
Final Concentration 
(ml of stock/L) 
KHjPO^ 136.09 1 
KNO3 101.10 5 
Ca(N03)2*4 HgO 236.16 5 
MgSO^*7 HgO 246.46 2 
Micronutrient Solution 1 
H3BO3 2.86 
MnClgM HgO 1.81 
ZnSO^'7 HgO 0.22 
CuSO^'5 HgO 0.08 
H2Mo0^«H20 0.02 
FeEDDHA Solution 8.95 
PeCNOjjj-gHgO 4.44 
EDDHA 3.72 
KOH 2.55 
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Table 2. Hoagland's number 2 solution was used to grow tomato, 
muskmelon, honey locust, and geranium plants in the preliminary 
study. Nutrient solution was adjusted to pH 5 with 0.05 N NaOH. 
Chemical 
Stock Solution 
Concentration 
(g of chemical/L) 
Final Concentration 
(ml of stock/L) 
NH4H2P0^ 115.08 2 
KNO3 101.10 3 
Ca(N03)2'4 HgO 236.16 2 
MgSO^-? HgO 246.46 2 
Micronutrient Solution 1 
H3BO3 2.86 
MnCl2*4 HgO 1.81 
ZnSO^*? H2O 0.22 
CUS04'5 HgO 0.08 
H2Mo04«H20 0.02 
FeEDDHA Solution 8.95 
Fe(N03)3-9H20 4.44 
EDDHA 3.72 
KOH 2.55 
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APPENDIX B: PRELIMINiUlY STUDY TO COMPARE GROWTH OF TOMATO, 
MUSKMELON, HONEY LOCUST, AND GERANIUM IN TWO NUTRIENT SOLUTIONS 
The objective of this preliminary experiment was to develop growth 
response curves for tomato {Lycopersicon esculentum Mill.), muskmelon 
(Cucumis melo L.), honey locust {Gledltsia triacanthos L. iziermis Willd.), 
and geranium {Pelargonium hortorum L.H. Bailey Snowhite') plants grown in 
Hoagland's No. 1 solution (all NOj'-N solution) and in Hoagland's No. 2 
solution (NH^'^-N and NOj'-N solution). 
Seeds of 'jet Star' tomato and Gold Star' muskmelon (Green Barn Seed 
Co., Deephaven, Minn.) were germinated under mist in a greenhouse for 9 
days in grade 16 silica sand (Unimim Corp., LeSeuer, Minn.). Half-sib 
seeds of thornless honey locust (from a tree on the campus of the 
University of Maryland, College Park, Md.) were scarified in 18 M HjSO^ for 
45 minutes and germinated in the dark at 25C for 9 days between sheets of 
paper moistened with deionized water. Rooted single node cuttings of 
geranium 'Snowhite' were used instead of seed geraniums. Plants were 
transferred singly to containers equipped for the control of root 
temperature described previously (Graves and Dana, 1987a) when tomato and 
melon plants had two to three true leaves, honey locust plants had four 
true leaves, and geranium cuttings had rooted. Seedlings were grown in 
continuously aerated Hoagland's No. 1 or Hoagland's No. 2 solution 
(Hoagland and Arnon, 1950) with 0.1 mM FeEDDHA [ethylenediamine di (o-
hydroxyphenyl acetic acid)]. The nutrient solutions were adjusted to pH 5 
with 0.05 N NaOH and were replaced every 5 days. 
The experiment was conducted in June, 1993, in a growth chamber (27 + 
SC day and night air temperature and 80% RH) at Iowa State University. The 
light bank in the chamber consisted of cool-white fluorescent lamps and 
incandescent lamps that delivered 115 i(.mol*s'^'m"^ of photosynthetically 
active radiation for 14 h. Plant fresh mass and solution pH were measured 
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every 3 days. Plant shoot and root dry mass were recorded at the end of 
the experiment. 
The species grew differently from one another. Geranium growth was 
poor and non uniform, and we decided to eliminated geranium in future 
studies. For each plant tested, there was no difference in shoot dry mass, 
root dry mass or fresh mass between the solutions (Table 1, Table 2, and 
Figure 1). The pH increased between solution changes for Hoagland's No. 1 
solution, but the pH decreased between solution changes for Hoagland's No. 
2 solution (data not presented). Hoagland's No. 1 solution was used to 
grow the plants for the remainder of the experiments. 
Table 1. Analysis of the effect of Hoagland's No. 1 nutrient solution and Hoagland's No. 2 nutrient 
solution on fresh mass increases of tomato, muskmelon, honey locust, and geranium. 
Tomato Huskmelon Honey locust Geranium 
Source df MSE P>P MSE P>F MSE P>F MSE P>P 
Block 2 70.1 0.4000 684.5 0.3600 15.8 0.1300 643.0 0.2900 
Solution 1 321.9 0.1200 149.3 0.6000 0.1 0.8700 4.1 0.9100 
Error a 2 46.4 384.5 2.3 386.6 
Day 7 2471.1 0.0001 3523.0 0.0001 48.7 0.0001 1273.6 0.0001 
Day*Sol. 7 68.5 0.0300 34.7 0.9600 0.4 0.9200 9.1 0.9900 
Error b 28 25.6 130.8 0.9 44.1 
U1 
u 
Figure 1. Increases in tomato (A), muskmelon (B), honey locust (C), 
and geranium (D) fresh mass in Hoagland's No. 1 (-•-) and 
Hoagland's No. 2 nutrient solution (-•-). 
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APPENDIX C; COMPARISON OF TOMATO, MUSKMELON, AND HONEY LOCUST 
GROWN AT 21 AND 34C ROOT-ZONE TEMPERATURE 
The objective of this experiment was to evaluate the growth and shoot 
nutrient content of tomato (Lycopersicon esculentum Mill.), muskmelon 
{Cucumls melo L.), and honey locust {Gleditsia triacanthos L. Inermis 
Willd.) grown at two root-zone temperatures (RZT), 21 and 34C RZT. 
Seeds of 'Jet Star' tomato and 'Gold Star' muskmelon (Green Barn Seed 
Co., Deephaven, Minn.) were germinated under mist in a greenhouse for 9 
days in grade 16 silica sand (Unimim Corp., LeSeuer, Minn.). Half-sib 
seeds of thornless honey locust (from a tree on the campus of the 
University of Maryland, College Park, Md.) were scarified in 18 M HjSO^ for 
45 minutes and germinated in the dark at 25C for 9 days between sheets of 
paper moistened with deionized water. Seedlings were transferred singly to 
containers equipped for the control of root temperature described 
previously (Graves and Dana, 1987a) when tomato and melon plants had two to 
three true leaves and the honey locust plants had four true leaves. 
Seedlings were grown in continuously aerated Hoagland's No. 1 solution 
(Hoagland and Arnon, 1950) with 0.1 mM FeEDDHA (ethylenediamine di (o-
hydroxyphenyl acetic acid)]. The nutrient solution was adjusted to pH 5 
with 0.05 N NaOH and was replaced every 5 days. 
The experiment was conducted in December, 1993, in a greenhouse (27 + 
5C day and night air temperature and 50 to 85% RH) at Iowa State 
University. Natural irradiance of 69 to 162 W*m'^ was supplemented with 
two 400-W high pressure sodium lamps that provided 70x(.mol*s'^*m'^ of 
photosynthetically active radiation from 0600 to 2100 CST. 
RZT treatments of 21 and 34C were initiated when the tomato and melon 
plants had three to four true leaves and when the honey locust plants had 
five to six true leaves. The RZT was held constant for 11 days for melon, 
13 days for tomato, and 17 days for honey locust. Fresh mass was measured 
every 3 days. Final leaf area was measured using a LI-COR 3100 area meter 
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(I>I-COR, Lincoln, Neb.) and final root length was measured using a modified 
line intersect method (Tennant, 1975). Shoots and roots were harvested at 
termination of RZT and were dried for 72 h at 67C, weighed, and ground with 
a Wiley Mill (Arthur H. Thomas Co., Philadelphia) to pass through a 40-mesh 
screen. Elemental composition of shoots was determined by dry ashing 250 
mg of shoot tissue and dissolving the ash in 1:1 (v/v) HCl. Potassium (K), 
calcium (Ca), magnesium (Mg), zinc (Zn), and manganese (Mn) were analyzed 
by atomic absorption spectrometry, and phosphorus (P) was determined by the 
ammonitim molybdate colorimetric method (Jackson, 1958). To avoid growth 
dilution effects, shoot P, K, Ca, Mg, Zn, and Mn concentrations were 
multiplied by final shoot dry mass to express each element on a per shoot 
basis. 
The plants species evaluated grew differently (Table 1). Only 
muskmelon leaf area and shoot dry mass were reduced at 34C (Table 2). The 
muskmelon plants at 34C had lost their lower leaves by the end of the 
experiment. All three plants had decreased root lengths at 34C (Table 2). 
Honey locust root length was reduced by 22%, whereas tomato and melon root 
length were reduced by 51% and 57%, respectively. Tomato and muskmelon 
root dry mass were reduced at 34C, but honey locust root dry mass was not 
reduced at 34C (Table 2). 
Melon final shoot P was greater at 21C than 34C, 14 mg P«shoot"^ and 
2.0 mg P'shoot"^, respectively (LSD q 05 ~ 1*6). Muslanelon final shoot K 
also was greater at 21C than 34C, 45 mg K'shoot"^ and 25 mg K»shoot"', 
respectively (LSD = 9.1). The other final muskmelon shoot contents 
were not different (data not presented). Tomato and honey locust nutrient 
contents were not different at 21 and 34C (data not presented). 
In conclusion, there was no difference in honey locust growth and 
nutrient content at 21 and 34C RZT. This is consistent with the predicted 
threshold RZT of 35C for honey locust (Graves, 1991). The optimum RZT for 
tomato growth and nutrient acquisition is between 25 and 30C (Hurewitz and 
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Janes, 1983; Tindall et al., 1990). RZT of 34C was above the optimum for 
tomato growth and probably resulted in decreased tomato root growth. There 
is no reported optimum RZT for melon, but muskmelons perform well under 
plastic mulches that can raise the RZT to 35C (Schales and Sheldrake, 1961; 
Taber, 1993). We speculate that muskmelon seedling size at RZT initiation 
lead to the decreased growth and loss of i'bwer leaves at 34C. Larger 
muskmelon seedlings in subsequent experiments tolerated supraoptimal RZT 
better than smaller seedlings. 
Table 1. Analysis of the effects of 21 and 34C root-zone temperature (RZT) on final root length, 
shoot dry mass and root dry mass of tomato, muskmelon, and honey locust. 
Root Length Shoot Dry Mass Root Dry Mass 
Source df MSE P>F MSE P>F MSE P>F 
Replicate 3 
RZT Treatment 1 
Species 2 
RZT * Species 2 
Error 15 
67987.0 0.2200 
2909997.9 0.0001 
4998042.0 0.0001 
782979.3 0.0001 
41197.8 
0.16 
0.72 
14.91 
0.25 
0.14 
0.3600 
0.0400 
0.0001 
0.2000 
0.005 
0.119 
0.483 
0.034 
0.003 
0.2300 
0.0001 
0.0001 
0.0020 
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Table 2. Final leaf area, root length, shoot dry mass, and root dry mass 
mean values of four replicates for tomato, muskmelon, and honey 
locust grown at 21 and 34C root-zone temperature (RZT). For 
each plant tested and dependent variable listed, a T test (5% 
level) was used to test difference between mean values at 21 
and 34C. Means followed by different letters are different. 
Shoot Root 
Leaf ^ ea Root Length Dry Mass Dry Mass 
(cm2) (cm) (g) (g) 
Species 
Tested 21C 34C 21c 34C 21c 34C 21c 34C 
Tomato 981® 717® 1878® 929'' 3.20® 2.60® 0
 
•
 to
 0) 0.50'' 
Muskmelon 318® 94b 2304® 999b 1.10® 0.56b 0.36® 0.15'> 
Honey locust 75® 87® 246® 19 lb 0.36® 0.41® 0.13® 0.14® 
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APPENDIX D: SUPPLEMENTAL DATA FOR MANUSCRIPT TITLED 
GROWTH AND PHOSPHORUS, ZINC, AND MANGANESE CONTENT OF 
TOMATO, MUSKMELON, AND HONEY LOCUST 
AT HIGH ROOT-ZONE TEMPERATURES 
Table 1. Analysis of variance (ANOVA) for February, 1995, of the effects 
of five root-zone temperatures (RZT) on whole plant fresh mass. 
This ANOVA table shows that the species tested had different 
responses to RZT. Subsequent analyses on dependent variables 
were performed by species. 
Source df Sums of Squares Mean Square P>F 
Replicate 4 
RZT Treatment 4 
Species 2 
Species * RZT 8 
Error 41 
0.65 
5.39 
10.20 
15.77 
29.53 
0.16 
1.35 
5.10 
1.97 
0.72 
0.9200 
0.1300 
0.0020 
0.0200 
Table 2. Analysis from combined experimental runs of the effects of five root-zone temperatures 
(RZT) on tomato whole plant dry mass and whole plant P, Zn, and Mn content. 
Plant Dry Mass Plant P Content Plant Zn Content Plant Mn Content 
Source df MSE P>F MSE P>P MSE P>F MSE P>F 
Run 3.0 0.18 36.3 0.420 0.0004 0.82 0.0001 0.9500 
Replicate 1.5 0.40 297.3 0.050 0.0070 0.46 0.1200 0.1400 
Error a 1.2 46.1 0.0070 0.0400 
RZT Treatment 4.2 0.07 626.4 0.005 0.0100 0.10 0.5600 0.0002 
Run * RZT 1.4 0.52 103.7 0.530 0.0060 0.43 0.0900 0.2600 
Error b 23 1.8 128.8 0.0060 0.0700 
Table 3. Combined mean values of five replicates from the two runs of this experiment of tomato 
shoot and root parameters at five root-zone temperatures (RZT). 
Dry Mass P Content Zn Content Hn Content 
(g) (mg P/part) (mg Zn/part) (mg Mn/part) 
RZT 
(C) Shoot Root Shoot Root Shoot Root Shoot Root 
24 2.55 0.43 18.79 5.87 0.13 0.04 0.31 0.31 
27 2.50 0.45 20.22 6.60 0.09 0.05 0.37 0.36 
30 2.53 0.45 17.90 6.18 0.12 0.08 0.40 0.36 
33 2.24 0.28 12.62 3.36 0.12 0.03 0.27 0.23 
36 1.23 0.10 3.85 2.10 0.04 0.06 0.07 0.01 
Significance^ NS L,Q L NS NS NS NS L.Q 
^NS, L, Q, indicate not significant or linear and/or quadratic response. 
Table 4. Analysis for April, 1995, of effects of five root-zone temperature (RZT) on muskmelon 
whole plant dry mass and whole plant P, Zn, and Hn content. 
Plant Zn Plant Mn 
Plant Dry Mass Plant P Content Content Content 
Source df MSE P>F MSE P>F MSE P>F MSE P>P 
Replicate 4 0.62 0.23 34.1 0.270 0.001 0.3200 0.010 0.190 
RZT Treatment 4 0.97 0.09 17.6 0.002 0.010 0.0005 0.030 0.006 
Error. 14 0.39 23.8 0.001 0.005 
: 
4^ 
Table 5. Mean values of five replicates from April, 1995, of melon shoot and root parameters at 
five root-zone temperatures (RZT). 
Dry Mass P Content Zn Content Mn Content 
(g) (mg P/part) (mg Zn/part) (mg Mn/part) 
RZT 
(C) Shoot Root Shoot Root Shoot Root Shoot Root 
24 1.58 0.34 7.43 3.12 0.06 0.05 0.17 0.08 
27 2.18 0.37 12.04 3.12 0.08 0.04 0.23 0.06 
30 2.50 0.40 12.84 4.55 0.09 0.08 0.31 0.08 
33 2.34 0.33 14.46 3.62 0.09 0.08 0.30 0.07 
36 2.74 0.33 22.79 4.02 0.14 0.10 0.32 0.13 
Significance^ L NS L NS L L L L,Q 
^NS, L, Q, indicate not significant or linear and/or quadratic response. 
Table 6. Analysis from combined experimental runs of the effects of five root-zone temperature 
(RZT) on honey locust whole plant dry mass and whole plant P, Zn, and Mn content. 
Plant Dry Mass Plant P Content 
Plant Zn 
Content 
Plant Mn 
Content 
Source df MSE P>F MSE P>F MSE P>F MSE P>F 
Run 0.27 0.25 30.2 0.02 0.0020 0.06 0.0600 0.001 
Replicate 0.25 0.32 2.5 0.40 0.0009 0.13 0.0030 0.190 
Error a 0.15 2.0 0.0003 0.0010 
RZT Treatment 0.14 0.63 3.0 0.07 0.0010 0.24 0.0100 0.004 
Run * RZT 0.09 0.81 3.1 0.07 0.0009 0.31 0.0040 0.100 
Error b 23 0.22 1.2 0.0007 0.0020 
Table 7. Combined mean values of five replicates from the two runs of this experiment of honey 
locust shoot and root parameters at five root-zone temperatures (RZT). 
Dry Mass P Content Zn Content Mn Content 
(g) (mg P/part) (mg Zn/part) (mg Mn/part) 
RZT 
(C) Shoot Root Shoot Root Shoot Root Shoot Root 
24 0.88 0.33 2.48 1.68 0.01 0.03 0.06 0.05 
27 0.99 0.37 2.93 1.54 0.02 0.03 0.08 0.07 
30 0.81 0.29 1.97 1.58 0.03 0.04 0.05 0.06 
33 0.91 0.30 2.59 1.10 0.03 0.03 0.05 0.04 
36 0.83 0.22 1.73 0.92 0.02 0.02 0.04 0.02 
Significance'' NS NS NS L NS NS NS NS 
^NS, L, Q, indicate not significant or linear and/or quadratic response. 
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Table 8. Tomato, muskmelon, and honey locust mean root phosphorus, zinc 
and manganese concentration at five root-zone temperatures. 
Root Elemental Concentration 
-zone Temperature Phosphorus Zinc Manganese 
(C) (%) (ppm) (ppm) 
Tomato 
24 1.2 142-1 701.2 
27 1.3 175-3 803.5 
30 1.2 185-4 842.3 
33 1.0 176.4 801-4 
36 1.4 420.4 295.4 
S igni f icance^ NS L.Q L,Q 
Muskmelon 
24 0.91 147.8 240.0 
27 0-85 124.3 158.9 
30 1.13 188.6 198.6 
33 1-08 231.5 225.8 
36 1-17 276.0 378.9 
Significance L L,Q L 
Honey locust 
24 0-54 88.4 140.4 
27 0-46 83.6 171-7 
30 0-52 110.9 134-4 
33 0-43 99.4 136-1 
36 0-42 74.1 68-6 
Significance L NS L 
^NS, L, Q indicate not significant or linear and/or quadratic response. 
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APPENDIX E; SUPPLEMENTAL DATA FOR MANUSCRIPT TITLED 
ROOT RESPIRATION AND PHOSPHORUS NUTRITION OF TOMATO PLANTS GROWN AT 36C 
ROOT-ZONE TEMPERATURE 
Table 1. Mean values of four replicates of shoot Mn, Zn, and Fe content 
of tomato plants grown at 25 and 36C root-zone temperature 
(RZT). 
Shoot Nutrient Content 
Shoot Mn Shoot Zn Shoot Fe 
(mg Mn/shoot) (mg Zn/shoot) (mg Fe/shoot) 
Day at RZT 25C 36C 25C 36C 25C 36C 
0 0.013 0.013 0.006 0.006 0.014 0.014 
6 0.105 0.059 0.022 0.014 0.046 0.022 
12 0.442 0.084 0.068 0.010 0.161 0.021 
16 0.771 0.130 0.103 0.020 0.230 0.062 
19 1.561 0.157 0.182 0.029 0.622 0.120 
Significance^ L,Q L L L,Q L L,Q 
^L = linear and Q = quadratic. 
Table 2. Analysis o£ the effects of 25 and 36C root-zone temperature (HZT) on tomato root 
respiration, root surface phosphatase activity, shoot dry mass, shoot P content, and P 
absorption. 
Respiration Phosphatase Dry Mass Shoot P P Uptake 
Source df MSB P>P MSE P>F MSB P>P MSB P>F MSE P>F 
Rep. 3 3058.2 0.4000 0.05 0.240 6.2 0.5300 320.7 0.5200 1.4 0.4300 
RZT 1 1062.1 0.5400 1.02 0.005 11.9 0.0300 4115.6 0,0400 104.9 0.0020 
Error a 3 2247.9 0.02 6.9 337.3 1.1 
Day 4 27487.4 0.0001 0.24 0.007 74.7 0.0001 1577.6 0.0002 21.6 0.0001 
Day * 
RZT 
4 31867.2 0.0001 0.10 0.130 49.3 0.0001 1508.5 0.0003 26.7 0.0001 
Error b 18 2219.1 0.05 3.3 158.9 0.5 
